The organic carbon fraction in aquifer materials exerts a major influence on the subsurface mobilities of organic and organic-associated contaminants. The spatial distribution of total organic carbon (TOC) in aquifer materials must be determined before the transport of hydrophobic organic pollutants in aquifers can be modeled accurately. Previous interlaboratory studies showed that it is difficult to measure TOC concentrations <0.1% in aquifer materials, when total inorganic carbon (TIC) concentrations are > 1%. We have tested a new analytical method designed to improve the accuracy and precision of nonvolatile TOC quantitation in geologic materials that also contain carbonate minerals. Four authentic aquifer materials and one NIST standard reference material were selected as test materials for a blind collaborative study. Nonvolatile TOC in these materials ranged from 0.05 to 1.4%, while TIC ranged from 0.46 to 12.6%. Sample replicates were digested with sulfurous acid, dried at 40~ and then combusted at 950~ using LECO or UIC instruments. For the three test materials that contained >2% TIC, incomplete acidification resulted in a systematic positive bias of TOC values reported by five of the six laboratories that used the test method. Participants did not have enough time to become proficient with the new method before they analyzed the test materials. A seventh laboratory successfully used an alternative method that analyzed separate liquid and solid fractions of the acidified sample residues.
Introduction
The subsurface reactivity and transport of organic contaminants, as well as of inorganic contaminants that form complexes with dissolved organic matter, can be strongly influenced by the immobile organic carbon fraction of aquifer materials. Adsorbed organic matter influences the reactivity of metal oxides in aquifer materials (Gu and others 1994) and renders hydrophilic surfaces hydrophobic. Consequently, those aquifer materials become more sorptive toward organic compounds (McCarthy and Zachara 1989) . The bulk of the reductive capacity of aquifer materials has been shown to reside in the organic carbon fraction, in many cases far outweighing the influence of reduced iron, manganese, or sulfur mineral species (Barcelona and Holm 1991) . Organic contaminant mobility studies often have involved TOC values in the 0.5-8% (weight) range (Mingelgrin and Gerstl 1983) , However, Lion and others (1990) concluded that even at levels < 0.1%, TOC can dominate the partitioning of hydrophobic contaminants in aquifers. Stauffer and others (1989) also stressed the importance of sorption of hydrophobic species by aquifer materials with TOC in the critical range below 0.1%. Unfortunately, it is difficult to measure organic carbon accurately at these low levels and especially so in the presence of carbonate minerals.
Powell and others (1989) conducted an interlaboratory comparison of six instrumental methods for determining TOC in aquifer materials. They reported poor accuracy and precision when analyzing samples that had TOC concentrations < 0.1~o together with TIC concentrations > 1~. They identified two fundamental problems: incomplete carbonate removal prior to combusting the residue for TOC determination and incomplete reaction when using "wet" peroxydisulfate oxidation with solid samples. Using authentic soils and synthetic test samples spiked with organic carbon, Ball and others (1990) further demonstrated the inadequacies of peroxydisulfate-based methods for TOC determination in aquifer solids. Hightemperature (950-1100~ combustion in the presence of excess oxidant (O2 or CuO) is required for quantitative conversion of all sample carbon to carbon dioxide (Gibbs 1977) . Methods that attempt to distinguish between organic and inorganic carbon by successive heating at two temperatures (Chichester and Chaison 1992) are matrixdependent. Krom and Berner (1983) noted that magnesiumrich calcite begins to decompose at 450~ but quantitative conversion of organic carbon to CO2 is not complete until 550~ or higher, resulting in ambiguous TIC and TOC determinations. Jackson and Roof (1992) analyzed replicate samples of 30 geologic materials for total carbon (TC) using both a LECO and a UIC carbon analyzer and achieved generally comparable values. They noted that the LECO instrument can accept a larger quantity of sample to minimize homogeneity concerns but that the nonlinear infrared detector requires empirical calibration. The UIC instrument has one half to one tenth as much sample capacity, but the stoichiometric nature of its coulometric detector eliminates the need for calibration and offers better precision. Sample grinding prior to TOC and TIC determinations is a crucial step. It not only homogenizes the sample, but also significantly decreases the time required for acid to remove carbonates. Jones and Kaiteris (1983) recommended grinding samples < 0.063 mm in order to ensure complete and rapid reaction of carbonates with 85~o H3PO4. Carbonate mineralogy affects the time required for complete reaction with acid, so slower-reacting minerals must be especially well pulverized. A1-Aasm and others (1990) found that siderite ground to <0.074 mm took as long as 14 days to react completely with 100~ H3PO 4 at 50~ under the same conditions dolomite removal required 24 h, while calcite reacted within about 4 h. Videtich (1981) ground dolomite to <0.003 mm in order to achieve a complete reaction with 100~o H3PO 4 at 50~ within 25 rain. However, it is very difficult to grind aquifer materials to such small sizes without introducing qualitative and quantitative errors. Carbon contamination from grinder parts and losses of organic carbon from the sample during grinding and transfer can both be problematic when TOC levels are < 1~.
Complete removal of all inorganic carbon from samples prior to low-level TOC determination is truly critical. Krom and Berner (1983) observed that for samples in which TIC is more than 20 times TOC, carbonate removal by acidification is required, rather than calculation of TOC as TC minus TIC. Froelich (1980) reported that 5-45~o of the TOC in marine sediments is released into the liquid phase during carbonate acidification. The so-called "acid-soluble" organic carbon (ASOC) fraction must be assumed to contain suspended organic matter as well as truly soluble species. Consequently, to avoid the errors that can result from splitting an inhomogeneous liquid suspension, the entire ASOC fraction from each replicate should be analyzed for TOC. Strictly speaking, the carbon fraction remaining after complete acidification is "noncarbonate carbon," since it may contain elemental carbon and carbides in addition to true organic species.
The choice of acid to be used for carbonate removal is not simple. Although H3PO 4 is frequently used for the acidification of geologic carbonates, combustion of residual phosphate salts shortens the useful lifetime of quartz furnace tubes. Although dilute aqueous perchloric acid (2M HCIO4) can be used to convert carbonates quantitatively to CO2, it may react with other sample components to yield perchlorates that are hazardous when heated (Schilt 1979) . Furthermore, because diluted HCtO 4 becomes increasingly concentrated during sample residue drying, it may oxidize some labile organic compounds. Gibbs (1977) recommended using 6~ (wt) sulfurous acid (H2803; at 50~ for carbonate removal prior to high-temperature combustion of the dried residue. Gibbs reported OC losses ranging from 10 to 80~o when using stronger mineral acids such as HC1, HzSO4, and HNO 3, compared with losses of less than 2~o when using H 2 SO 3 (although specific details of the acidifications were not stated).
In summary, a nonvolatile TOC quantitation method should: (1) dry samples and residues under mild conditions that minimize losses of semivolatile organics; (2) grind sample material fine enough to homogenize it and increase its reaction rate with acid; (3) quantitatively remove all carbonate minerals using an acid that has the minimum undesirable effects on the samples, instrument, and laboratory personnel; (4) accurately correct for carbon blanks due to grinding and acidification; (5) retain all organic carbon released from the sample material during acid treatment; (6) oxidize the residue under conditions that ensure complete conversion of organic carbon to CO2; (7) quantitate the evolved CO2 precisely and accurately; and (8) minimize total analysis time and labor. Once a test method has been designed to meet these criteria, its performance should be independently and systematically evaluated by analysts who might use it in their work.
According to an International Union of Pure and Applied Chemistry definition (Horwitz 1989), a collaborative analytical study is one in which a minimum of five laboratories determine the performance characteristics of a single, particular method of analysis using a series of identical test materials. The overall goal of a such a study is to evaluate intralaboratory and interlaboratory precision, as well as any systematic errors. With these objectives in mind, a proposed method for the analysis of low-TOC aquifer materials was tested independently in six laboratories. It was hoped that appreciably better accuracy and
